Axons from olfactory sensory neurons (OSNs) expressing a specific odorant receptor (OR) project to specific subsets of glomeruli in the olfactory bulb (for review, see Mombaerts, 1999 Mombaerts, , 2001 . The aim of this study was to examine the trajectories that subsets of axons from OSNs expressing the same OR follow within the olfactory nerve and olfactory nerve layer (ONL) of adult mice. Using confocal microscopy, we generated serial reconstructions of axons from M72-IRES-tauGFPexpressing OSNs as they coursed within the ONL and into glomeruli. GFP-expressing axons were loosely aggregated in the outer ONL; however, as they entered the inner ONL, the majority fasciculated with other GFP-expressing axons before entering the glomerular neuropil. Although the vast majority of axons entered the glomerulus from the directly apposed ONL, some followed tortuous courses through and/or around adjacent glomeruli before terminating in the target glomerulus. Similar observations were made on subpopulations of axons in M71-IRES-tauGFP and P2-IRES-tauGFP mice. Ultrastructural analyses of labeled M72 glomeruli showed no evidence of axodendritic synapses other than those with GFP-labeled axon terminals. These data are consistent with the notion that OSN axons are highly precise in targeting glomeruli and that glomeruli, in turn, are highly homogeneous with regard to the OR expressed by the innervating OSNs. Because some single axons could follow idiosyncratic trajectories to the target glomerulus, it appears that stable homotypic fasciculation is not a prerequisite for correct targeting.
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Olfactory sensory neurons (OSNs) detect odors by way of seventransmembrane G-protein-coupled odorant receptors (ORs) located in the cilia emanating from their dendritic knob (Firestein, 2001) . The OSN axons project to the olfactory bulb (OB) in which they synapse with the dendrites of mitral-tufted cells in spherical bundles of neuropil, the glomeruli. Converging lines of evidence suggest that glomeruli are basic functional units in the OB and that patterns of glomerular activity underlie odor coding (Leveteau and MacLeod, 1966; Shepherd, 1981; Guthrie et al., 1993; Rubin and Katz, 1999; Uchida et al. 2000) .
A seminal advance in understanding glomerular organization was the discovery that axons from OSNs that express the same OR gene generally converge onto two or a few specific glomeruli in the OB (Ressler et al., 1994; Vassar et al., 1994; Mombaerts et al., 1996) . These axons can be imaged and the innervation of the glomeruli studied by placing a reporter, taulacZ or tauGFP, under the control of a specific OR gene (Mombaerts et al., 1996; Potter et al., 2001) . Recently, there have been reports of additional smaller secondary glomeruli that appear to be innervated by labeled OSN axons (Royal and Key, 1999; Strotmann et al., 2000; Pyrski et al., 2001; Schaefer et al., 2001 ).
The family of OR genes constitutes unique molecular markers that also influence the projection of OSN axons to specific glomeruli. Mombaerts et al. (1996) and Wang et al. (1998) showed that genetic replacements of OR coding regions cause axons to target different glomeruli and that, when the OR coding region is deleted, axons distribute broadly and fail to converge to a glomerulus. Although the full scope of mechanisms that may be used by the ORs to influence glomerular targeting is not known, increasing evidence does suggest that functional activity may be important (Zheng et al., 2000; Zhao and Reed, 2001) .
The aim of this study is to examine, at high resolution, the projections of specific populations of OSN axons to the OB. Although light microscopy indicates that all of the axons from OSNs that express the same OR converge onto a few glomeruli, the converse is not known: do all of the axons converging onto a glomerulus originate from OSNs that express the same OR? Gene-targeted mice in which the green fluorescent protein (tauGFP) is expressed along with a specific OR were examined using the following: (1) intrinsic GFP fluorescence and immunocytochemistry with confocal microscopy and (2) ultrastructural immunolocalization of GFP to examine the projection patterns and synaptic organization of OSNs expressing the reporter. Analysis of the trajectories of GFP-expressing axons in the olfactory nerve layer (ONL) and glomerular layer (GL) reveal that all GFP-expressing axons target the appropriate glomeruli. However, stable homotypic fasciculation between axons from OSNs expressing the same OR does not appear to be a prerequisite for correct targeting. Single axons often followed tortuous or isolated trajectories before entering the appropriate glomerulus. Analysis of the ultrastructural immunolocalization of GFP within M72 glomeruli suggest that the majority, if not all, of the OSN axons innervating a glomerulus express the same OR. Together, these data argue strongly that the primary olfactory projection is highly specific and that stable homotypic fasciculation, per se, is not a prerequisite for correct targeting.
MATERIALS AND METHODS Animals
Adult (postnatal days 30 -90) M72-IRES-tauGFP (n ϭ 9), M71-IREStauGFP (n ϭ 3), and P2-IRES-tauGFP (n ϭ 3) mice in a mixed 129/Sv ϫ C57BL /6 background were anesthetized with sodium pentobarbital (80 mg / kg, i.p.; Nembutal; Abbott Laboratories, Chicago, IL) and perf used using a low-/ high-pH paraformaldehyde (PFA) fixation strategy (adapted from Berod et al., 1981) . This strategy was adopted after preliminary studies indicated that ultrastructural immunolocalization of GFP was compromised in tissue perf used with fixatives containing glutaraldehyde. Tissue was initially perf used with 4% PFA in PBS (0.1 M phosphate buffer and 0.9% NaC l 2 ) at pH 6.5 for 5 min, followed by 4% PFA in PBS at pH 10.5. Brains were removed and post-fixed overnight at 4°C in the second perf usate. All tissue was rinsed for a minimum of 2 hr in PBS after fixation before processing for microscopy. All procedures undertaken in this study were approved by the Animal C are and Use Committees of both the Yale University and The Rockefeller University and conformed to National Institutes of Health guidelines.
Sectioning
OBs of M72-IRES-tauGFP mice that were to be processed for immunoelectron microscopy (n ϭ 3), as well as M72-IRES-tauGFP, M71-IREStauGFP, and P2-IRES-tauGFP OBs for imaging of GFP using the confocal microscope (n ϭ 3 for each group), were embedded in 2% agarose in PBS and serially sectioned in the coronal plane (50 m sections) using a Pelco (Redding, CA) 101 Vibratome. M72-IREStauGFP OBs (n ϭ 3) that were to be immunostained and imaged on the confocal microscope were cryoprotected by immersion in 30% sucrose in PBS at 4°C until tissue sank. Tissue was embedded in OC T compound (Sakura Finetek, Torrance, CA) and frozen in a slurry of 100% ethanol and dry ice. Tissue was serially sectioned in the coronal plane (20 m sections) using a Reichert-Jung 2800 Frigocut E cryostat. Section were thaw mounted onto microscope slides coated with 2% gelatin and 0.1% chromalum, air dried, and stored at Ϫ20°C until needed.
Imaging of M72-IRES-tauGFP glomeruli
Intrinsic GFP fluorescence was imaged in serial coronal vibratome sections using a Bio-Rad (Hercules, CA) confocal microscope. Briefly, vibratome sections through M72, M71, and P2 glomeruli were mounted in 40% glycerol between two coverslips, and confocal images were collected at 2 m intervals through the entire glomerular volume (typically contained within three 50 m vibratome sections). Axons coursing in the ON L were imaged in the same way.
Immunocytochemistry
Confocal microscopy. Serial 20 m sections of M72 glomeruli were immunostained with polyclonal olfactory marker protein (OM P) antibodies (generous gift from Dr. Frank Margolis, University of Maryland at Baltimore, Baltimore, MD) to identif y mature OSN axons (Keller and Margolis, 1975) . Briefly, tissue was thawed and air dried and then incubated with 2% bovine serum albumin (BSA) (Sigma, St. L ouis, MO) in TBST [0.1 M Tris buffer and 0.9% saline, pH 7.4 (TBS), with 0.3% Triton X-100 (Sigma)] for 30 min to block nonspecific binding sites. The tissue was incubated in anti-OM P (1:800) for 2 hr at room temperature. Sections were then washed three times in TBST for 5 min. They were incubated in rabbit anti-goat IgG antibodies conjugated to Alexa-568 (Molecular Probes, Eugene, OR) diluted 1:200 in blocking buffer for 1 hr at room temperature. Sections were washed (as above), rinsed in TBS, mounted in Vectashield mounting media (Vector Laboratories, Burlingame, CA), and coverslipped, and the edges of the coverslips were sealed with liquid nail enamel. Stained sections were analyzed using a Bio-Rad MRC -600 laser scanning confocal microscope. Digital images were collected from a single optical plane, ϳ1 m thick.
Electron microscopy. Coronal vibratome sections of the OB were freefloating immunostained with polyclonal anti-GFP antibodies. Briefly, tissue was incubated with 2% BSA (Sigma) in PBS for 30 min to block nonspecific binding sites. The tissue was incubated in a rabbit polyclonal anti-GFP antibody (Molecular Probes), diluted 1:1000 in blocking buffer for 2 hr at room temperature. Sections were then washed three times in PBS for 5 min. They were incubated in biotin-conjugated goat anti-rabbit IgG secondary antibodies (1:100; Vector Laboratories) for 1 hr at room temperature. Sections were washed (as above) and incubated with ABC reagent (prepared by diluting both solution A and solution B at 1:50 in blocking buffer; Vector Laboratories) for 1 hr at room temperature.
Sections were washed again (as above) and given a final rinse in PBS. Peroxidase activity was visualized by incubating tissue in 0.05% 3.3Ј-diaminobenzidine tetrahydrochloride and 0.005% H 2 O 2 in TBS. Reaction was stopped in PBS and then was incubated for 1 hr in 2% glutaraldehyde in PBS. Sections were washed again (as above) and immediately processed for electron microscopy.
Electron microscopy
Immunostained sections were processed for electron microscopy as described previously (Montague and Greer, 1999) . Briefly, stained tissue was post-fixed with osmium tetroxide, dehydrated through graded alcohols, and polymerized in Epon between glass slides and coverslips coated previously with Liquid Release Agent (Electron Microscopy Sciences, Fort Washington, PA). Smaller regions containing stained axons in the olfactory nerve and glomerular layers were removed and reembedded on blank Epon blocks for thin sectioning and conventional electron microcopy. Thin sections (0.07 m) were examined on a Jeol (Peabody, M A) 1200 electron microscope.
Image preparation
Using Confocal Assistant 4.02 software (Bio-Rad), serial optical sections (Z-series) obtained with the confocal microscope were projected into single images, and double-label confocal images were pseudocolored and merged. Electron micrograph negatives were scanned using a UM AX flat bed scanner. All digital images were color balanced using Adobe Photoshop 5.0 (Adobe Systems, San Jose, CA). The composition of the images was not altered in any way. Plates were constructed using Corel Draw 8.0 (Corel, Ottawa, Ontario, C anada).
RESULTS

Axon trajectories
To examine the trajectories of axons of neurons expressing the M72 OR, we used gene-targeted mice that express GFP from a bicistronic message produced under the control of the M72 OR promoter (Potter et al., 2001 ). Intrinsic GFP fluorescence was imaged with a confocal microscope. Serial 50 m vibratome sections of the OBs of these mice were collected and mounted between two coverslips. The axons were tracked through the ONL to their terminations in glomeruli. Within a section, axons were imaged at 2 m intervals throughout the depth of the tissue. These Z-series of images were projected into a single image (Fig.  1 A) . Within the ONL, the majority of axons were observed to project individually, or in very small fascicles, in the outer ONL (arrows), but, as they entered the inner ONL, they fasciculated (white arrowheads). To distinguish the trajectory of individual axons, we examined axons in the ONL (Fig. 1 A, box) in single optical scans (ϳ1.0 m thick) from Z-series ( Fig. 1 B-I ). Following the axons through serial optical sections from rostral to caudal (i.e., from B to I ), it can be seen that they course individually in the outer ONL (arrows). However, as the axons begin to enter the inner ONL, they form small fascicles ( Fig. 1 B-E , white arrowheads) that merge into larger fascicles ( Fig. 1 F-I , white arrowheads) before terminating in the glomerulus.
To further characterize the trajectory of axons expressing GFP in these mice, immunocytochemistry was used together with electron microscopy. At the ultrastructural level, axons expressing GFP demonstrated peroxidase staining along the microtubules (Fig. 2 A) . Because tau is targeted to microtubules, the tauGFP fusion protein is expected to be highly localized on microtubules. In the outer ONL, isolated axons expressing GFP (Fig. 2 A, white asterisk) were observed coursing within bundles of unstained OSN axons (e.g., black asterisks) and could be followed for long distances in the ONL. However, within the inner ONL (Fig. 2 B) , stained axons (e.g., white asterisks) were generally found together in fascicles, although unstained axons (black asterisks) were present as well.
Glomerular targeting
Although the majority of axons projected to glomeruli along this stereotypical trajectory, a small subset of axons was identified that did not (Figs. 1 A, open arrowheads, 3, white arrowheads) . In all glomeruli examined (n ϭ 12), axons were observed that entered the glomerular layer in anomalous regions and followed tortuous paths through the glomerular layer before terminating in the appropriate glomerulus. These axons appeared to follow random courses within the glomerular layer. Axons often entered glomeruli from within the glomerular layer at multiple entry sites ( Fig.  1 A, open arrowheads) .
To determine whether all of these atypically projecting axons terminated within the M72 glomerulus, serial 50 m vibratome sections through M72-IRES-tauGFP glomeruli were imaged at 2 m optical intervals, and GFP-expressing axons were followed through successive sections (Fig. 3) . All of the GFP-expressing axons appear to innervate the M72 glomerulus (Fig. 3a-aЉ, b-bЉ, c-cЉ, D-DЉ, d-dЉ, arrowheads) . Although it is impossible to assign polarity to axons that express GFP, it seems likely that axons are entering rather than exiting glomeruli as they can be traced from the ONL and the glomeruli. It is particularly evident in Figure 3 that the morphologies of both medial (AЈ, BЈ) and lateral (CЈ, DЈ) M72 glomeruli vary in both size and shape.
To determine whether atypical axonal projections are unique to axons from M72-expressing OSNs or whether these types of projections were the rule, we examined GFP expression in both M71-IRES-tauGFP mice (a highly related OR that is expressed in ., black asterisks) . Note the localization to microtubules, reflective of the tauGFP construct used to generate these mice. B, Within the inner ONL, labeled axons (e.g., white asterisks) are generally found in bundles, tightly apposed to other GFPexpressing axons. Some unlabeled OSN axons are also present (e.g., black asterisks). Scale bars, 0.5 m the same epithelial zone) and P2-IRES-tauGFP mice (an unrelated OR that is expressed in a different epithelial zone). As can be seen in Figure 4 , atypical projections were seen in both M71-IRES-tauGFP mice (Fig. 4 A-C, arrowheads) and P2-IREStauGFP mice (Fig. 4 D-F, arrowheads) , which suggests that these types of projection paths are common within the olfactory system. Equally important, axons from both P2-IRES-tauGFP and M71-IRES-tauGFP OSNs exhibited trajectories and targeting proper- The projections of GFP-expressing axons were followed through three serial 50 m vibratome sections (e.g., A, AЈ, AЉ) spanning the entire glomerular volume. We present lower-magnification (A-AЉ, B-BЉ, C-CЉ, D-DЉ) images so that axons distant from the glomerular target can be viewed, as well as higher-magnification images (a-aЉ, b-bЉ, c-cЉ, d-dЉ) so that single axons around glomeruli can be resolved. In all glomeruli examined, a small number of axons are observed that enter the glomerular layer from regions other than the apposed ONL (see arrowheads). These atypically projecting axons were identified in all glomeruli examined, and, although many followed tortuous paths, they all appear to target the appropriate glomerulus. Note the variation in glomerular shape and volume between the individual glomeruli. Scale bars, 50 m. ties similar to those described in more detail for the M72-IREStauGFP OSN axons.
To determine whether all axons within an M72 glomerulus express GFP, we stained serial 20 m cryostat sections through M72 glomeruli with an OMP antibody and then collected images with the confocal microscope from single optical planes. We elected to stain with OMP antibodies to ensure that any GFPnegative axons observed within an M72 glomerulus would be from mature OSN neurons. In the majority of glomeruli (five of six), we saw no definitive evidence of OMP-positive-GFPnegative axons (Fig. 5) . Although occasional small red axons appeared within glomeruli, this most likely represents the different compartmental localization of the respective markers within the cell. To address this issue, we examined GFP expression in glomeruli at the ultrastructural level (see below). It should be noted that many of the axons that follow anomalous paths were found to express OMP.
In one glomerulus of the six that were immunostained for OMP, there was evidence of a small region of a glomerulus that contained GFP-negative axons (Fig. 6, white arrowheads) . These GFP-negative axons were surrounded by GFP-positive axons (Fig. 6 B, C) . To understand the nature of these axons, we examined the behavior of GFP-positive axons in glomeruli adjacent to the M72 glomerulus in tissue stained for OMP (Fig. 7) . We reasoned that, if mistargeting of axons to neighboring glomeruli is a common event, we would detect evidence of GFP-labeled axons terminating in glomeruli close to the correct target. Bundles of axons were observed that clearly passed through adjacent glomeruli (Fig. 7A, a, C, c) , and single axons were also observed within adjacent glomeruli (Fig. 7B, b) . However, we found no evidence to suggest that these axons established terminal fields. Rather, they appeared only as axons of passage that continued on to terminate in their normal target. Thus, we conclude that the GFP-negative axons seen in Figure 6 are most likely bundles of axons passing through en route to their target glomerulus.
To assess the question of whether axons from OSNs expressing ORs other than M72 also made synapses in M72 glomeruli, we examined the ultrastructural localization of GFP within the M72 glomerulus (Fig. 8) . OSN axons expressing GFP formed typical axodendritic synapses. Stained axons (Ax) filled with small round vesicles made typical Gray type I excitatory synapses onto unstained dendritic profiles (De). The stained axons shown in Figure 8 A-C are clearly distinguished from unstained axon terminals (Ax) from an adjacent glomerulus shown in Figure 8 D. To determine whether the majority of axons with the M72 glomerulus express GFP, we closely examined sections for unstained axonal profiles forming synapses next to stained axonal profiles. We set these criteria because ultrastructural immunolocalization has the potential to be limited by the penetration of antibodies. Therefore, to be confident that an unstained axonal profile represented the absence of GFP (rather than incomplete antibody penetration), we limited our analyses to regions of obvious staining. In Ͼ200 examples of axodendritic OSN synapses, we saw only one example in which GFP labeling may have been absent from a presynaptic OSN axon terminal. As a consequence, we conclude that the overwhelming majority, if not all, of the OSN axons in M72 glomeruli are from OSNs expressing M72 ORs.
DISCUSSION
ORs expressed by subsets of OSNs are likely to have multifaceted and complex roles in the olfactory system (Mombaerts, 2001) . In addition to their primary role in olfactory transduction, ORs appear to have a role in axon targeting. In mice in which the coding region of one OR has been substituted with the coding region of another, OSN axons target glomeruli distinct from both the host and donor glomeruli, indicating that OR expression is one determinant, but not the only one, for final glomerular targeting (Mombaerts et al., 1996; Wang et al., 1998) . Thus, the specificity of the expressed OR plays a role in targeting and glomerular innervation, although the mechanisms through which OSN axon guidance are mediated remain to be fully elucidated.
Homotypic fasciculation
One possible mechanism OSN axons may use in glomerular targeting is homotypic fasciculation; axons from OSNs expressing the same OR may fasciculate en route from the olfactory epithelium to the OB (either by direct OR protein interactions or mediated through other adhesion molecules) and thereby innervate the same glomerulus. To test this hypothesis, we examined the distribution of OSN axons expressing GFP, focusing on whether the GFP-labeled axons fasciculated with each other (i.e., homotypic fasciculation) before terminating in a glomerulus or whether they fasciculated with axons that did not express GFP ., heterotypic fasciculation) . We undertook this study in genetargeted mice in which tauGFP is expressed in conjunction with the M72 OR. By examining intrinsic GFP fluorescence in serial sections through the OB, trajectories of individual axons, or small fascicles of axons, could be followed. In conjunction with these confocal microscopy studies, we also localized GFP at the ultrastructural level in both the ONL and GL. Using both of these approaches, axons were found to follow diverse trajectories within the ONL. In the peripheral, or outer, ONL, the majority of axons coursed independently, showing little evidence of homotypic fasciculation. As axons approached the target glomerulus, they entered the inner ONL in which the majority of GFPpositive coalesced into larger mesaxons before coursing into the glomerulus. Potter et al. (2001) , using two-photon confocal microscopy and en face views of the ONL and GL, also noted that fascicles of OSN axons followed variable pathways as they approached a target glomerulus. Our demonstration that homotypic fasciculation between axons increases as they enter the inner ONL extends these findings. At the ultrastructural level, individual GFP-expressing axons could be traced over long distances within the outer ONL in heterotypic axon fascicles in which they were closely apposed to axons that did not express GFP. Within the inner ONL, the majority of GFP-expressing axons were observed directly apposed to other GFP-expressing axons. However, not all axons within a fascicle were GFP positive, perhaps indicating that additional sorting of axons occurs still deeper within the ONL, before entry into the glomerular layer.
Of particular significance, a small proportion of axons targeted their glomeruli by following anomalous routes through the glomerular and external plexiform layers. These GFP-expressing axons were observed to pass around, between, and through neighboring glomeruli before entering the appropriate targets. Although all of these axons appeared to terminate in the appropriate glomerulus, it is possible (but unlikely) that some of these axons were exiting the glomerulus and projecting back to the ONL. To determine whether the occurrence of torturous trajectories by subpopulations of axons was unique to M72-expressing axons, we also examined GFP-expressing axons in M71-IREStauGFP and P2-IRES-tauGFP mice. Similarly, we found small populations of axons in these mice that also targeted along individual and often complicated paths. Thus, the data from all three lines of mice suggest that the trajectories that axons can follow are diverse and more idiosyncratic than recognized previously. These data further lead to the conclusion that a stable homotypic fasciculation between axons, per se, is not a prerequisite for correct axonal targeting. This does not preclude the possibility that homotypic fasciculation may facilitate targeting; it serves to underscore our consistent and reproducible observation that single axons target correctly in the absence of stable fasciculation with other GFP-expressing axons. Of additional interest will be understanding the role of OSN axon fasciculation, both homotypic and heterotypic, among populations of OSN axons during the initial formation of the glomerular map, as well as the maintenance of that map in the mature animal (Gogos et al., 2000; Schaefer et al., 2001) . The absence of stable homotypic fasciculation in our images does not exclude the possibility that transient periods of fasciculation may be necessary for correct glomerular targeting. Furthermore, our observations do not rule out homotypic interactions between existing axonal tracks and navigating growth cones. These issues can be addressed in developmental studies, ideally using dynamic imaging technologies. Potter et al. (2001) , using in situ two-photon microscopy of GFP-positive axons in adult mice, found that labeled axons targeted glomeruli with specificity, and no evidence of mistargeting to neighboring glomeruli was observed. To further characterize the specificity of OSN projections to identified glomeruli, we asked to what extent GFP-negative axons were found in the M72 glomeruli. Using OMP as a secondary marker of mature axons, our data show clearly that, in five of six glomeruli, the majority of axons within M72 glomeruli expressed GFP. Although some puncta appeared not to express both markers, we believe this reflects the different probes used in this part of the study. Only one of the six glomeruli that were stained with OMP was found to contain a large fascicle of GFP-negative-OMP-positive axons, which spanned multiple cryostat sections through the glomerulus. We cannot exclude that these axons represented a subcompartmentalized innervation of OSN axons within a glomerulus. However, given our identification of GFP-positive axons passing through neighboring glomeruli en route to their target, as well as the low frequency with which this was observed, it seems reasonable to hypothesize that these GFP-negative axons may have been passing through the M72 glomerulus en route to their target glomerulus.
Specificity of glomerular targeting
To examine the specificity of glomerular targeting at higher resolution than is afforded by confocal microscopy, we undertook localization of GFP at the ultrastructural level. Although IRES constructs have been widely used to image OSN axons expressing reporter genes at the light and confocal level (Mombaerts et al., 1996; Wang et al., 1998; Royal and Key, 1999; Conzelmann et al., 2000; Serizawa et al., 2000; Strotmann et al., 2000; Zheng et al., 2000; Potter et al., 2001) , to date there have been no reports of ultrastructural localization of the reporter genes in the olfactory system. At the ultrastructural level, no evidence was found of innervation of M72 glomeruli by GFPnegative axons. Because immunolocalization of GFP within glomeruli at the ultrastructural level has a different technical limitation than that seen with confocal microscopy (i.e., antibodies have limited penetration and therefore unstained axons may in fact express GFP), we restricted our analyses to regions in which stained axonal profiles were apparent, indicating adequate antibody penetration. In more than 200 synapses examined, only one example was found in which the afferent terminal ending on a mitral-tufted cell dendrite was not definitively GFP positive. This is likely to reflect the inherent limitations of ultrastructural immunocytochemistry. Therefore, we conclude from these data that the overwhelming majority of axons within the M72 glomerulus are from OSNs that express the M72 OR.
The molecular mechanisms by which OSN axons target glomeruli remain unclear. Although there is unequivocal evidence that OR proteins must be expressed for targeting to occur, the mechanism through which ORs mediate axon guidance are unknown. The data presented here argue against a simple mechanism of stable homotypic fasciculation between axons from OSNs expressing the same OR being sufficient for glomerular targeting. Axons from OR-specific OSNs take varied trajectories both within the ONL, as well as the GL, before reaching their correct glomerular target. Varied trajectories suggest that a variety of guidance mechanisms may be used for these axons to reach their targets. Consistent with this hypothesis are the plethora of guidance molecules that have been localized to the olfactory system at different stages of development. For example, members of the semaphorin (Pasterkamp et al., 1999) , netrin (Gad et al., 1997) , and ephrin (Zhang et al., 1996; St. John et al., 2000; St. John and Key, 2001 ) families of repulsive guidance cues and their receptors have been differentially localized in the olfactory system. Similarly, many cell adhesion molecules (for review, see Key, 1998; Mori et al., 1999) , growth factors (for review, see Plendl et al., 1999) , carbohydrate moieties (for review, see Plendl and Sinowatz, 1998) , neurotrophins (for review, see Treloar et al., 2000) , and extracellular matrix molecules (Miragall et al., 1990; Gong and Shipley, 1996; Treloar et al., 1996; Greer, 1997, 1998; Tisay and Key, 1999) have been differentially localized within the olfactory pathway. All of these factors may influence OSN axon growth and guidance. Given the large number of potential guidance cues, as well as the varied paths that OSN axons follow when targeting a glomerulus, it is likely that combinatorial subsets of cues and mechanisms are used by OSNs to navigate to a glomerulus, before forming a synapse.
In summary, these studies have shown that a stable homotypic fasciculation of OSN axons is not required for correct glomerular targeting to occur. The tortuous trajectories followed by single axons emphasize the heterogeneous mechanisms that are available for directing axon targeting. In the context of assessing the behavior of identified axons as they approach their target glomerulus, we recognized subdivisions in the ONL; axons traveled alone or in small fascicles in the outer ONL, whereas fasciculation among homotypic axons occurred extensively in the inner ONL. Finally, these data are the first to show that labeled OSN axons in OR gene-tagged mice make synapses in the glomeruli and that the axonal composition of the glomerulus is extremely homogeneous in terms of OR expression.
